I. Introduction
Plasma turbulence is an important area of basic physics research, and understanding edge turbulence in fusion devices is an important challenge for the future.
In a toroidal device like the tokamak, turbulent transport in the edge plasma partly determines the interaction between the plasma and the first-wall and/or divertor structures. The turbulence influences the particle and heat flux to the boundary and sets the "boundary condition" (BC) for the global confinement of the core plasma. A review of edge turbulence measurements in toroidal devices is given in Ref. 1 , and drift turbulence in magnetic confinement devices is reviewed in Ref 2. An important aspect of edge physics is the interaction between the turbulence and the sheared flows (see the comprehensive reviews in Refs. 3,4) The flows are driven by the turbulence through the inverse cascade process (or perhaps by nonlocal k-space interactions, loosely included in "cascades" in the following discussion), but the flows also help to saturate the turbulence and create a transport barrier, resulting in a feedback loop under some circumstances. The details of this process are being studied in tokamaks and other toroidal machines, [1] [2] [3] [4] but can also be studied in linear machines, [5] [6] [7] [8] [9] [10] [11] [12] [13] which have simple geometry and good access for diagnostics. These linear experiments are also easier to simulate than fully toroidal plasmas, the difference being that turbulent structures can be independent of the coordinate along the field line and hence two-dimensional (2D) in a linear machine, but cannot be strictly so in toroidal geometry, even for an axisymmetric tokamak, because of magnetic shear.
of intermittency and properties of turbulent structures [8] [9] [10] [11] and the interaction between turbulence and sheared flows. 10, 12, 13 In most cases, these codes do not impose a scale separation between the background plasma and the turbulence. Simulations have been compared with turbulence data from the VINETA experiment, [8] [9] [10] the Large Plasma Device (LAPD), 11 and the Controlled Shear Decorrelation Experiment (CSDX). 12 The present paper is closely related to this earlier work, and extends the modeling of CSDX to include the effect of the sheath BC on regulating the parallel currents.
Here, we discuss the effect of parallel currents on drift-interchange turbulence and flows, comparing the results of computer simulations with data from recent experiments on CSDX. To motivate this work, we note that the vorticity equation enforces current conservation and thus controls the flow of perpendicular and parallel currents. In linear plasma devices, where the field lines terminate on material boundaries, the magnitude of the parallel current || J (and the ratio || J / J  ) is controlled by the axial BC. For example, when the end plates are conducting, a sheath allows, but also limits, the parallel current to the end plates and influences the linear stability and related turbulence. [14] [15] [16] [17] [18] Recently, this issue was studied on CSDX 19 by changing the composition of the end plates in order to modify the axial BC. The characteristics of the plasma turbulence were measured for both an insulating boundary condition (IBC) and a conducting boundary condition (CBC), 19 and were found to be quite different in the two cases. These experiments motivated simulations using the two-dimensional (2D) Scrape-Off-Layer Turbulence (SOLT) code, [20] [21] [22] [23] which can treat both insulating ( 0 sh   ) and conducting ( 0 sh   )
cases by varying the strength of a sheath conductivity parameter sh  defined in Sec. II.
The two dimensions modeled dynamically in SOLT are the coordinates perpendicular to the magnetic field. The present paper describes these simulations and compares the simulation and experimental results.
Not only the magnitude, but also the nature of the turbulence, should depend on the axial BC. In nonlinear edge and scrape-off-layer (SOL) turbulence, the perpendicular current includes the ion polarization drift term responsible for the inverse energy cascade, so it is reasonable to expect that the nature of the turbulence will depend on how this term balances the parallel current flow. A similar situation arises in the study of blobs, where the competition between the polarization drift and parallel current terms influences parallel disconnection and the blob velocity. 18, 24, 25 While a full study of the inverse cascade is beyond the scope of this paper, we will discuss the qualitative differences between the turbulence in the IBC and CBC cases.
We will show that there are several points of qualitative agreement between our simulations (see Sec. IV) and the experiment (see Sec. V and Ref. 19) , including the following:
1. The insulating (IBC) case is characterized by broadband turbulence and inverse cascade down to zero frequency ( 0   ) and to long spatial scales (low k y ), thereby driving sheared flows;
2. The conducting (CBC) case is dominated by coherent modes; there is reduced broadband turbulence, a weaker inverse cascade to low  and k y , and weaker low-frequency zonal flows;
3. The Reynold's stress profiles are different for the IBC and CBC cases;
4. The azimuthal velocity resulting from turbulent Reynold's stress interactions is larger in the IBC case than in the CBC case.
The CSDX experiments are also useful for testing basic simulation issues, such as the type of sources and sinks and the boundary conditions, and validating the code for 2D
geometry. The 2D SOLT code has been used with some success to model edge turbulence in tokamaks. 22, 23, 26 This turbulence is inherently three-dimensional (3D) due to magnetic shear (e.g. X-points) which can force the turbulence to vary along the field lines. This is treated only approximately in a 2D model by various closure relations. So, it is interesting and useful to test the computational model in a context where true 2D
turbulence is a more realistic ansatz. However, the SOLT code uses slab geometry, whereas the CSDX experiment is a cylindrical device. Near the axis of the cylinder (r = 0) the slab description will not be very accurate. For purposes of studying gradient-driven turbulence (which peaks near the plasma edge), we expect that the slab model will be adequate, but the difference in geometry means that we can only expect qualitative, not quantitative, agreement between theory and experiment.
The plan of this paper is as follows. In Sec. II we discuss the relevant time scales for physical processes that control the flow of charge. This allows us to understand analytically the two regimes corresponding to the insulating and conducting BCs, and it introduces the dimensionless parameters of the SOLT code. In Sec. III the computational model is briefly described. Simulation results are given in Sec. IV and are compared with experimental data in Sec. V. Finally, Sec. VI gives a summary and discussion of these results.
II. Physical regimes
As noted in the previous section, the physics of edge turbulence can be understood by the balancing of terms in the vorticity equation, which is equivalent to the 
where
is the vorticity and also gives the rate of advection, and  L is the perpendicular scale length of the turbulence. Here v is the EB velocity, c is the speed of light and B is the magnetic field. The second time scale is that of charge separation by an external force g F i m n  (e.g. curvature or centrifugal forces which can be modeled as scale can be estimated from the ideal interchange growth rate
where r / ṽ g 2  for the centrifugal force, which is the dominant force in CSDX.
There are also time scales related to charge loss by parallel currents. We can estimate the parallel loss time   for charge density e n   from 
Here, in the second form of Eq. (4) we make the approximate identification k ||  1/L || , and in the third form we introduce )
collisionality parameter used in recent blob modeling. 25 Using the drift wave parallel current, we can estimate the parallel loss time due to drift wave turbulence (
Comparing Eqs. (3) and (6), we find that drift wave effects compete with sheath effects when  which is typical of CSDX parameters in the conducting regime.
The main point of the experiments modeled here is to explore the effect of changing the characteristics of the end plates from the insulating (IBC) to conducting (CBC) regime. To quantify this transition analytically, we compare three time scales. The inertial, interchange, and sheath (~ drift-wave) inverse time scales stand in the ratio
Here, the notation A : B : C means that A, B and C are typical terms that compete in the equation, and a maximal ordering will have A ~ B ~ C. Equating the first two time scales results in the characteristic (time, vorticity and/or potential) scale
, which is just the second relation in Eq. (2) . Equating all three terms gives the following critical connection length
which demarcates the transition from insulating (
boundary conditions when the boundary plate itself is not explicitly an insulator. Here, the insulating (conducting) regime is characterized analytically as having a small (large) sheath term. Also recall that the drift wave and sheath time scales scale similarly, so that the limiting cases in the insulating (conducting) regimes correspond to having interchange (drift wave) drive as the dominant effect. The overall point of this discussion is the following. When conducting end-plates are employed, so as not to forbid parallel currents outright, the sheath itself can either act as an insulating or conducting end-wall boundary condition, according to Eq. (8). When insulating end-plates are employed, the electrical characteristics of the sheath are not relevant. In the SOLT simulations which follow, we legislate the sheath to be insulating for the IBC simulations, but allow the sheath conductivity to take its natural value for CSDX parameters in the CBC case. This value turns out to permit substantial parallel
As an aside, we note that in the toroidal-curvature-driven (e.g. tokamak) case 
III. SOLT model
The 2D SOLT code [20] [21] [22] [23] simulates electrostatic fluid turbulence driven by external forces (e.g. magnetic curvature or centrifugal force), velocity shear and drift waves in a plane perpendicular to the magnetic field B. The physics model includes turbulent radial transport (turbulent Reynolds stress and blobs), sheared flow effects (KH instability and velocity-shear stabilization), and sheath dissipation of particles, energy and momentum. The simulation domain is the radial-azimuthal plane of the cylindrical CSDX plasma, averaged along field lines. Thus, the code is "global" (not a flux-tube model) and allows flexibility in setting up the transition from the core to the wall using reference profiles described below. The simulation plane is denoted as the (x, y) plane, where x is the radial distance from the center of the plasma (r = 0), and y is the binormal (approximately azimuthal) coordinate. The B field is in the z direction. We note that the density profile in the simulation is specified all the way to x = 0, but it is a slab model without cylindrical coordinate Jacobian factors, so one cannot take the inner part (near the origin) very seriously. We will discuss this point further.
The physics of the model is described in an earlier paper, 21 and a derivation of the equations is given in the Appendix of that paper. Here, we give only a brief summary of the model. The fundamental equations in the SOLT model are the vorticity, continuity and energy conservation (temperature) equations. In the present study, we simplify the model by assuming a constant temperature profile. Thus, the model reduces to the following equations: 
, where  B ~ 3 T is the Bohm sheath potential.
The parameter  sh is called the sheath conductivity. Additionally, an adiabaticity model for J || is employed to capture basic drift-wave physics from the parallel electron dynamics, which dominates when k || is large or  ei is small. This results in the terms with the drift wave operator A dw , defined by
is the zonal or y-averaged part, and
is the fluctuating part, of any quantity Q. The parameter dw  is defined in Eq. (4). The operator A dw enforces a Boltzmann response on fluctuations when the coefficient  dw is large, in the spirit of the Wakatani-Hasegawa adiabaticity parameter. 27 The term on the left hand side of Eq. (9) comes from the ion polarization drift.
To summarize, the important physics parameters in the SOLT model are Finally, it is important to discuss the sources and sinks in the CSDX simulations.
To obtain an effective particle source and sink, we force the density profile to relax to a reference density profile ) x ( n 0 , where the latter is based on experimental data. This requires an extra term in the continuity equation of the form ) n n ( 0 n   . The temperature is specified to be constant in x and t at the experimentally measured value (T e = 3 eV).
Note that the velocity profile    x y ) x ( v is free to evolve in this simulation (except at the left boundary) and gives another point of comparison with the experiment.
IV. Simulation Results
In this section, we compare SOLT simulation results for the insulating (IBC) and 
A. Basic properties
A representative selection of results from the IBC simulation is shown in Fig. 1 and results from the CBC simulation are shown in Fig. 2 . Here, the notation
denotes the y-and t-averaged quantity, where y is the zonal average.
In part (a), the average density profile is shown, and the vertical lines (which appear as dots) denote the standard deviation of the fluctuations about the mean. The fluctuations are small partly because the density relaxation rate n  is large ( 5 / dw n   ). In both cases the density profile relaxes to the reference profile ) x ( n 0 , which is a tanh fit to the experimental density profile. Note that the scales of the two plots are different; the density is smaller in the CBC case because of particle losses to the sheath (particle loss
In part (b) the radial dependence of the average velocity profile is shown. The sheared velocity profile is the result of the self-consistent evolution of the turbulent fluctuations. Note that the the frequency spectra. This shows the same features (broadband turbulence in Fig. 1 vs. discrete, quasi-periodic modes in Fig. 2 ). These results are qualitatively consistent with the results obtained in the CSDX experiment. 19 In part (e) of these figures, we show the wavenumber spectrum of the potential
at a fixed radial location, x = 3.8 cm. In the IBC case, the mode driving the turbulence occurs at Turning to the conducting case in Fig. 3 , we see that the drift wave provides the dominant instability drive and the energy sinks are provided by the sheath and viscosity terms. The power budget analysis shows that the sheath term is very important in the CBC case, whereas it plays no role ( 0 sh   ) in the IBC case. The presence of sheath dissipation diminishes the inverse cascade and the development of sheared azimuthal flows in the simulation. In both the insulating and conducting cases, the drift wave instability drive is important in the simulations, as it is in the CSDX experiment.
V. Experimental results
In this section, we will illustrate some of the main points of comparison between the theory (Sec. II), the simulations (Sec. IV) and the CSDX experimental data (Ref. 19 ).  for the conducting case. Thus, to within a factor of 2, the experimental data confirms at the heuristic level of the theoretical estimates in Sec. II that the CBC case is indeed in the conducting limit and therefore significant differences in behavior should be expected in the CBC and IBC cases.
We now turn to a comparison of the experimental and simulation profiles. In Fig.   4 , the radial profile of  v is computed using Time Delay Estimation (TDE) methods.
Azimuthal EB velocities calculated from swept Langmuir probe measurements of the plasma potential (not shown here) give results quite close to the TDE results. In the simulations,  v is obtained directly by taking both time-and azimuthal-averages over the turbulence of the azimuthal component of B / cE x . In Fig. 4 the main feature of interest here is that the peak  v is significantly larger for the IBC case than for the CBC case.
These profiles are to be compared with the simulation results shown in part (a) of Figs. 1 and 2. Specifically, we compare the positive velocity lobe in the simulation with the positive lobe in the experimental data, looking for qualitative trends. In both experiment and simulation, the azimuthal velocity is stronger in the IBC case.
The ratio of the peak velocities for the IBC / CBC cases is about two in the experiment and four in the simulation. Better agreement for this ratio could have been obtained by optimizing the values of the parameters in the simulation, but this was not intended to be a quantitative study. For a qualitative study, this factor of 2 agreement is reasonable. The physical reasons for the difference between the IBC and CBC cases were discussed in Sec. IV.B, based on an analysis of the various physical terms in the turbulence simulation.
Finally, we note again that the radial location of the peak velocity differs between the simulation and the experiment. Possible reasons for this difference were discussed in Sec. IV.A in connection with Fig. 1(a) .
The experimental Reynold's stress (RS) radial profiles,
, are shown in 
VI. Summary and Discussion
In this paper, we have studied the influence of the axial boundary condition (and hence parallel currents) on drift-interchange turbulence in CSDX, a linear plasma device with turbulence that is quasi-two-dimensional. This study compared the results of analytic work (Sec. II) and numerical simulations (Sec. IV) with experimental data 19 (Sec. V). The simulations used the SOLT code, [20] [21] [22] [23] which is well-suited to studying the effect of parallel BCs on turbulence (Sec. III).
The analytic estimates yielded a condition [see Eq. (8) The comparison of simulation and experiment in this paper is interesting from several points of view. First, it represents an initial attempt at SOLT code validation against a plasma device with quasi-2D turbulence. With the density profile forced to relax to near its experimental value, the azimuthal velocity profile evolved self-consistently in the simulation (driven by the Reynolds' stress) to achieve a maximum flow velocity similar to that in the experiment. The density profile relaxation (equivalent to specifying the particle sources and sinks) was essential to obtaining the correct evolution of the velocity. This is an example of a general property of turbulence simulations: it is crucial in modeling experiments to use the correct sources and sinks and to avoid arbitrarily defining an equilibrium and then computing fluctuations about that fixed equilibrium.
Second, this work demonstrates that the nature of the turbulence (e.g. strength of the inverse cascade) is sensitive to the detailed balancing of the parallel and perpendicular currents, and thus to the axial boundary condition seen by the turbulence. This result has also been seen in studies of blob propagation. 24, 25 Figure Captions 
